Introduction
The apparent absence of dynamical dependences is the perhaps most prominent feature of the multi-fragment decay of excited spectator nuclei. In the first experiments with the ALADIN spectrometer, performed with 197 Au beams of E/A = 600 MeV, it has manifested itself as an invariance of the observed patterns of projectile fragmentation with respect to the chosen target [1] [2] [3] . The mean number of projectile fragments produced as well as other observables characterizing the populated partition space were found to be the same for all targets, ranging from carbon to lead, if they were plotted as a function of Z bound . The quantity Z bound is defined as the sum of the atomic numbers Z i of all projectile fragments with Z i ≥ 2. It represents the charge of the spectator system reduced by the number of hydrogen isotopes emitted during its decay.
It is easy to argue that Z bound may, rather directly, reflect the energy transfer to the excited spectator system. The removal of nucleons in the initial excitation stage of the reaction and the release of hydrogen isotopes during the subsequent deexcitation are both correlated with the energy transfer. Larger energy transfers correspond to smaller values of Z bound . The observed target invariance hence suggests that the energy transfer to the projectile spectator is the primary quantity governing its decay.
These characteristics represent, at least, an indication that statistical equilibrium is attained prior to the fragmentation stages of the reaction. In fact, statistical models were found to be quite successful in describing the measured fragment yields and correlations, provided that emission from an expanded breakup state was assumed [4] [5] [6] [7] [8] [9] . Very recently, a near perfect description of the experimental charge correlations measured for the reaction 197 Au on Cu at E/A = 600 MeV, including their dispersions around the mean behavior, was achieved with the statistical multifragmentation model [10] . This comparison was made on an absolute scale, apart from an overall normalization constant which relates the number of model events to the measured cross section.
Intriguingly, the fragment-charge correlations from these first experiments were also reproduced to high accuracy with a variety of other models, such as site-bond-percolation [3] , classical-cluster formation [11] , fragmentation-inactivation binary [12] , and restructured-aggregation models [13] . Some of these models are of a predominantly mathematical nature, have very few parameters, and do not contain any of the nuclear physics input on which the statistical models are based. Some exhibit critical behavior in the limit of an infinite number of constituents. It will be an interesting task to identify the underlying symmetries, apparently common to all of these models, and to study their relation to the universal properties of the fragment decay of excited nuclei [14] .
The question of equilibration in the multi-fragment decay of excited spectator systems is of highest interest. Multifragmentation has been considered a manifestation of the liquidgas phase transition in finite systems. The pursuit of this challenging problem (see, e.g. [15] [16] [17] and references given therein) will profit from the study of equilibrated systems that may be characterized by a few global variables such as mass, excitation energy, and temperature.
The correlation of energy transfer and Z bound opens the possibility to experimentally control the former quantity by selecting on the latter [17] .
The present work was performed in order to further establish the validity of the observed universality and to search for its possible limits. The multi-fragment decay of heavy projectiles was explored over a wider range of projectiles and targets and within the regime of relativistic bombarding energies between 400 and 1000 MeV per nucleon. For these new experiments, the ALADIN spectrometer [2] has been upgraded by installing a new tracking detector TP-MUSIC III, by enlarging the time-of-flight wall behind it, and by mounting a new Si-CsI(Tl) hodoscope which provided good coverage of the solid-angle adjacent to the entrance of the spectrometer. In the data analysis, a consistent definition of the projectilespectator source was adopted prior to comparing results from different reactions.
It was found that, within the realm of the present investigation, the universality of spectator fragmentation holds to very high accuracy. This includes the fragmentation of different projectiles if a linear scaling in proportion to their masses is applied to the data. In the following sections the experimental method and the obtained results will be presented in detail. The subsequent discussion will include comparisons to other data, some taken at much higher bombarding energies, and a search for related universal features within the intranuclear cascade and statistical multifragmentation models.
Experimental method
The experiments were performed at the heavy-ion synchrotron SIS of the GSI Darmstadt.
Beams of 129 Xe at E/A = 600 MeV incident energy, of 197 Au at E/A = 400, 600, 800, and 1000 MeV, and of 238 U at E/A = 600 and 1000 At E/A = 1000 MeV, these detector systems permitted the detection of close to 100% of all projectile fragments with atomic number Z ≥ 2. At the lower bombarding energies, the angular distributions of some lighter fragments extended beyond the acceptance of the spectrometer but stayed within the acceptance of the Si-CsI(Tl) hodoscope array that surrounded the entrance to the field gap of the magnet. For very light fragments, up to Z ≈ 4, the emissions from the projectile and mid-rapidity sources are not clearly separated in momentum space. Therefore, a consistent definition of the projectile spectator source had to be adopted for the data analysis. This will be described in section 3.1.
The atomic numbers Z and the velocities of nuclear fragments were determined with the TOF wall, located at the end of the ALADIN spectrometer and extending over 2.4 m in horizontal and 1.0 m in vertical directions. It consisted of two layers of vertically mounted scintillator strips of 2.5 cm width and 1.0 cm thickness, viewed by photomultiplier tubes at • . The Miniball/Miniwall detector system used at E/A = 400 MeV is not shown. both ends [2] . The two layers were offset by half a width with respect to each other. The these experiments, was to provide the tracking information for other analyses that involved the fragment momenta. The dynamic range for tracking had been extended down to Z = 2 by using gas amplification over part of the length of the detector which permitted the measurement of isotopic yield ratios of light fragments [17] . The high charge resolution of the TP-MUSIC was essential for the analysis of fission decays in experiments with the uranium beams [18] [19] [20] .
The Z resolution achieved with the two detector systems after off-line calibration is demonstrated in fig. 2 . A good separation of Z = 2 and 3 fragments was crucial for the Therefore, the Z = 2 and 3 distributions in the Z-identification spectrum were fitted individually and, after evaluation of their overlapping tails, the position of an equivalent sharp Z-cut was determined ( fig. 2, insert) .
The Si-CsI(Tl) hodoscope was positioned 60 cm downstream from the target and covered the solid angle surrounding the spectrometer acceptance up to angles θ lab ≈ 16
• . Its 84 telescope modules were mounted in close geometry. Each detector consisted of a 300-µm
Si detector followed by a 6-cm long CsI(Tl) detector which was viewed by a 1-cm 2 photo- [17, 21] . The experiment at 400 MeV per nucleon was performed with the Miniball/Miniwall [22] installed around the target. This detector system covered the angular range from θ lab = 14.5
• to θ lab = 160
• and, together with the Si-CsI(Tl) hodoscope, provided an efficient 4-π multi-particle detection capability. Results from the coincident detection of fragments from the target and projectile spectators and from the mid-rapidity source are given in ref. [23] . For the present study of the projectile spectator, the increased coverage of the mid-rapidity emission by the Miniball/Miniwall detectors permitted a good event selection according to multiplicity. This was particularly useful as the central plastic detector was not in operation at this energy. Peripheral events with a small apparent Z bound , due to the escape of a heavy projectile residue through the central hole of the TOF wall, were identified by their small associated multiplicity.
The on-line trigger condition consisted of the logical product of the requirements of a beam particle in the start detector, no fragment with Z close to that of the beam in the central plastic detector or in the central part of the TOF wall, and the detection of at least one particle with the Si-CsI(Tl) hodoscope. It had the effect of suppressing the most peripheral interactions except those leading to binary fission. For the present study of multi-fragment production, the peripheral fission events which may have large cross sections, in particular for the case of 238 U projectiles [18] , were suppressed off-line.
In the experiment with the 197 Au beam of 400 MeV per nucleon, a beam particle in the start detector and a minimum of one particle detected with the Miniball/Miniwall or the Si-CsI(Tl) hodoscope were required. Scaled down events with less restrictive trigger conditions, including beam events triggered only by the beam detectors, were recorded for normalization.
Absolute cross sections were determined by normalizing the measured event rate with respect to the thickness of the target and the rate of incoming beam particles. The error of the normalization, dominated by the uncertainty of the areal density of the targets, is between 1% and 5%. The uncertainties of the measured fragment multiplicities and correlations will be discussed in section 3.3.
3 Experimental results
Spectator source
The ALADIN spectrometer has been designed for optimum acceptance of projectile fragments which are emitted in forward directions. However, the effect of forward focussing by the reaction kinematics is a function of the projectile velocity and changes with changing bombarding energy. We have therefore studied the extension of the projectile-spectator source in rapidity y and in transverse momentum p t , both experimentally and with model calculations.
Rapidity Both the dispersion around the projectile rapidity and the relative intensity at mid-rapidity increase with increasing centrality.
The bump in the peripheral He spectrum, located at a rapidity y between 0.8 and 0.9, originates from mid-rapidity emission. This was confirmed by simulating the emission with two Maxwellian sources centered at projectile rapidity and at mid-rapidity. The restriction of the acceptance to forward angles causes the maximum of the observed mid-rapidity yield to appear at this somewhat larger rapidity. For this reason, the two sources can only be discerned in the peripheral collisions with lower emission temperatures. In more central collisions, the mid-rapidity source no longer produces an identifiable bump in the rapidity spectrum. Indications of a mid-rapidity source are only observed for light fragments up to Z ≈ 4 ( fig. 4 , top), in agreement with the rapid drop of the element yields in central collisions at relativistic bombarding energies [24] .
Guided by these observations, we chose a lower limit in rapidity of y ≥ 0.75·y P where y P is the projectile rapidity, so as to define the spectator source. This condition was applied to fragments detected with the TOF wall. For those detected with the hodoscope, for which an equivalent time-of-flight information does not exist, angular limits were set with the same purpose of selecting the spectator source. They are motivated and described below. 
as a function of Z for the reactions 197 Au on 197 Au at E/A = 600, 800, and 1000 MeV.
Here r y /L is the ratio of the vertical position r y of a fragment to the length L of the flight path and σ(r y /L) is the width of the distribution as obtained by Gaussian fitting. The length L was approximated by using the nominal trajectory, starting at the target with θ lab = 0 • , to the particular slat of the TOF wall that was hit. A is the mass number assumed for fragments with a given Z, p P and A P are the momentum and the mass number of the projectile. We have used A = 2·Z for Z ≤ 10 and the EPAX parameterization [25] for heavier fragments.
The widths σ(p t ) rise approximately in proportion to √ Z, i.e. the mean transverse energies are independent of Z which is expected for emission from an equilibrated source (see section 3.5). It is, furthermore, evident that the transverse momentum distributions of the emitted projectile fragments do virtually not change with the bombarding energy.
There are no indications of any dynamical contributions to the fragment velocities in the moving frame which could be related to the incident energy. Therefore, in order to select the spectator source, upper limits of the laboratory angle were imposed on the hodoscope data that were inversely proportional to the projectile momentum per nucleon. The same limits were used for all three projectiles because the dependence of the p t distributions on the projectile mass was found to be insignificant for the light fragments.
At 1000 MeV per nucleon, the adopted angular limit coincides with the vertical acceptance of the ALADIN magnet of θ lab = ±4. The invariance with respect to the bombarding energy also holds for other charge correlations that have been found useful to characterize the population of the partition space in the fragmentation process [3] . Six of these observables, as measured at the four bombarding energies, are given in fig. 8 largest fragment, and the three-fragment charge asymmetry
where
denotes the mean value of the three largest atomic numbers. The quantity a 3 assumes values near one when the partition is dominated by one heavy residue (large Z max ) and a value of zero when the three fragments are of equal size. Events containing at least two fragments with Z ≥ 2 were selected for a 12 , and events containing at least three fragments with Z ≥ 2 were selected for a 23 and a 3 .
The mean value of the normalized width of the fragment-charge distribution
peaks at Z bound = 55 which is slightly larger than reported previously [3] Once more, we emphasize the striking invariance of the partition patterns with the incident energy as evident from figs. 6 and 8. Although not specifically demonstrated in fig. 7 , it is also valid for the mean multiplicities of the individual elements.
Accuracy of mean fragment multiplicity
The attainment of a maximum of relative accuracy in the measurements at different bombarding energies was one of the motivations for adopting a common definition of the spectator source. The absolute accuracy of the measured fragment multiplicities and charge correlations is influenced by several experimental effects. They will be listed and discussed in the following where we will focus on the maximum value of the M IM F versus Z bound correlation.
The 
Dependence on projectile and target mass
The M IM F versus Z bound correlation depends on the mass of the projectile. The results obtained with the three projectiles 129 Xe, 197 Au, and 238 U at 600 MeV per nucleon show that, on the absolute scale, more fragments are produced in the decay of heavier projectiles (Fig. 9 , left-hand side). However, a normalization with respect to the atomic number Z P of the projectile reduces the three curves to a single universal relation (Fig. 9 , right-hand side). Only TOF-wall data were used for this comparison as the pulse heights from the hodoscope were not recorded during the runs with the xenon beam. In addition, the upper limit of the Z range adopted for intermediate-mass fragments was changed from Z ≤ 30
to Z ≤ Z P /3. This is meant to exclude fragments from binary-fission events. Since the elemental yields decrease rapidly with Z the exact location of this upper limit does not crucially affect this comparison of fragment multiplicities. with bombarding energy is insignificant for the collisions with heavy targets. There, the limit above which the spectator excitation is dominated by the collision geometry seems to be already reached. With the lighter targets, the higher bombarding energies allow for considerably larger energy transfers in central collisions. For 197 Au on Be, this is demonstrated in fig. 11 . Collisions resulting in Z bound ≈ 40 and maximum fragment multiplicity (cf. fig. 6 ) are initiated with significant probability only at 1000 MeV per nucleon.
The same characteristic behavior is illustrated in an alternative way in fig. 12 . 
on Be at E/A = 400 (full line), 600 (dashed), and 1000 MeV (dotted). Note that the experimental trigger conditions, which were not identical at the three bombarding energies, start to affect the cross sections at Z bound between 60 and 70 (shaded area).
derived by assuming that b is monotonically correlated with Z bound (see ref. 
Figure 12: Mean multiplicity of intermediate-mass fragments M IM F as a function of the impact parameter b, as deduced from Z bound , for the reactions 197 Au on Be, C, Al, and Au at three energies E/A = 400 (circles), 600 (dots), and 1000 MeV (squares).
with the Miniball/wall and Si-CsI(Tl) hodoscope. In the latter case no comparable decrease is observed at the largest particle multiplicities.
Decay dynamics
The observed invariance of the transverse-momentum widths with respect to the bombarding energy ( fig. 5) indicates that the entrance-channel dynamics play a minor role for the decay of the excited spectator. An estimate of the mean kinetic energies of the produced fragments in the moving frame was obtained in the following way: Event-by-event the vertical positions r yi of all fragments measured with the TOF wall were converted into transverse momenta p yi according to fig. 13 , turned out to be identical, within the errors.
The mean kinetic energies per unit fragment mass E kin /A decrease rapidly with atomic number Z. In the limit of purely thermal contributions to the kinetic energies, E kin /A is expected to have a 1/A dependence which is approximately observed. However, on the order of one half of the kinetic energies in the rest frame of the decaying system may originate from Coulomb repulsion and sequential decays of excited fragments [26] . With this assumption the magnitude of the kinetic temperature T = 2/3 · 1/2 · E kin assumes a value of approximately 15 MeV. This exceeds considerably the emission temperatures T ≈ 5 MeV derived from the relative isotopic abundances [17] or from relative yields of particle unbound states [27] which represents a well known but up to now not fully resolved problem [28] [29] [30] [31] . Quantitatively, these values of the kinetic and the emission temperatures are in good agreement with those calculated by Bauer [31] who assumes that the higher kinetic temperatures reflect the additional Fermi momenta of the constituent nucleons of a fragment [32] . Small collective contributions to the kinetic energies can also have large effects on the apparent temperatures [33, 34] . On the other hand, the comparison with central collisions of 197 Au on 197 Au at 100 MeV per nucleon, made in ref. [35] ,
shows that, in the present case of spectator decay, the upper limit for possible dynamical contributions is rather small. The kinetic energies are thus predominantly indicative of a thermally driven breakup out of an expanded state.
Discussion

Fragmentation at high bombarding energies
Exclusive fragmentation studies at high bombarding energies were performed by several groups [36] [37] [38] [39] [40] [41] [42] [43] . The experiments using light projectiles of mass A ≤ 4 confirm the finding that very high bombarding energies are needed in asymmetric systems in order to achieve the complete disassembly of a heavy spectator nucleus with large probability [37, 38] .
These data fit rather well into the observed variation of the maximum mean multiplicity in central collisions with light targets (section 3.4).
A schematic representation of this systematic behavior, for reactions of gold nuclei with partners of different mass, is given in fig. 14 [44] . The figure shows the relation between the bombarding energy that is needed in order to observe maximum fragment production in central collisions and the mass number of the collision partner.
For the reactions studied in this work in reverse kinematics, these energies may be taken from fig. 12 : for 197 Au on C, e.g., the maximum fragment multiplicity is not reached with 600 but is easily reached with 1000 MeV per nucleon incident energy. In fact, already at 800 MeV per nucleon a considerable cross section is associated with a mean fragment multiplicity of ≈ 4.5 (data not shown in fig. 12 ).
The threshold energies of the other reactions were determined in a similar way. In the case of the 4 He on 197 Au reactions, a moderately complete excitation function is not available and the given value of 3.6 GeV per nucleon may represent an upper limit. At this energy the maximum of fragment production is reached, as has been argued on the basis of both the fragment multiplicity and the observation of a minimum in the τ parameter describing the elemental yields [37] . Light-particle induced reactions at significantly lower energies are incapable of producing spectators at sufficiently high excitation. This is evident from the excitation energies of E x /A ≤ 3 MeV for collisions of 1 H and 3 He projectiles of 2-GeV total energy with gold targets, deduced from neutron multiplicity measurements [45] , and consistent with the relatively small mean fragment multiplicities reported for 3 He on 197 Au at 1.6 GeV per nucleon [38] and 4 He on 197 Au at 1.0 GeV per nucleon [37] . For this latter group of reactions, the fragment multiplicity is still on the rising side where the partitions are characterized by one large fragment (large Z max ) and a correspondingly large first asymmetry a 12 (cf. fig. 8 ). This is the regime of residue formation ( fig. 14) . On the other hand, with collision partners of masses or energies exceeding the optimum values, the central collisions will lead to spectators of decreasing mass and to their disassembly into an increasingly larger number of light fragments and particles and, eventually, to vaporization [23, 24] .
High charge resolution and full phase space coverage above the identification threshold of Z ≥ 6 has been achieved with plastic nuclear track detectors [39, 46] . [23, 37, 44] . invariance with respect to the target and with respect to the bombarding energy holds for arbitrary choices of a lower threshold in Z. This is true also for the correlation observables displayed in fig. 8 . The fragmentation of 197 Au projectiles of 10.6 GeV per nucleon in collisions with emulsion targets was also investigated by the KLMM Collaboration [42, 43] . In their more recent report [43] these authors present a rather detailed comparison with the data of Hubele et al. [2] and Kreutz et al. [3] . Some of the conclusions are modified if the comparison is made with the new data of this work. We find that the correlations of Z max with Z bound , measured at 10.6 GeV per nucleon and at ≤ 1 GeV per nucleon, agree now perfectly. Good agreement is also observed for the charge variance γ 2 (eq. 4). However, the maximum value of M IM F of 3.2, reached at Z bound ≈ 45 and in good agreement with the data of ref. [41] , is one unit lower than measured in this work. By comparing the multiplicities as a function of Z we have identified the difference as mainly occuring in the yields of very light fragments. A maximum mean multiplicity for 3 ≤ Z ≤ 6 of 1.8 is reported for 10.6
Figure 14: Mass number A of the collision partner versus bombarding energy for reactions of 197 Au nuclei for which maximum fragment production has been observed in central collisions. Full points denote reactions studied in this work in reverse kinematics, open symbols refer to work reported in
GeV per nucleon while it is 3.0 in our data in the same Z range (cf. fig. 7 ). The difference in the maximum mean He multiplicity (6.5 at the higher and 4.5 at the lower bombarding energies) may be partly due to the rapidity limit applied in the present work ( fig. 4) . It is not excluded, at present, that the differences may reflect a weak variation of the fragmentation pattern with bombarding energy; on the other hand, emulsion data measured at 1 GeV per nucleon [36] were shown to agree with those for 10.6 GeV per nucleon over a major part of the Z bound range [43] .
The KLMM collaboration has reported Z bound distributions which are sorted individually for reactions on the light (H, C, N, and O) and on the heavy constituents of the emulsion target [42] . Qualitatively, the distribution for the light constituents decreases with decreasing Z bound in a similar way as the distributions for light targets in the present work. On the more quantitative level, however, the closest resemblance is with the distribution measured for the 197 Au on Al reaction at 1000 MeV per nucleon rather than the 197 Au on C reaction at this energy. This might be considered as another indication of the role of the bombarding energy in reaching large cross sections for high-multiplicity breakups in asymmetric systems.
Towards higher bombarding energies, no limit for the universality of the spectator fragmentation is known at present. Limiting fragmentation, i.e. a saturation of the production cross sections for intermediate-mass fragments at bombarding energies in excess of several GeV, has been observed [47] [48] [49] . It is also an experimentally established fact that the elemental distributions change very little at high bombarding energies [50, 51] . This suggests that the cross sections for the formation of highly excited spectator nuclei may be rather weak functions of the bombarding energy in the GeV range. In a pure abrasion picture this is expected since the cross section and the excitation energy are mutually interrelated via their geometric dependence on the impact parameter [52] . On the other hand, it is known that the geometric abrasion model can only account for part of the excitation energy deposited in the formed spectator nuclei [53] . The missing part is thought to be due to struck nucleons and secondary particles being scattered into the cold spectator matter. Some of these particles may be deltas and other nucleon resonances which carry additional energy.
It is known from experiment that the cross sections and transverse momentum distributions of scattered or produced particles change very slowly at high bombarding energies [54, 55] . Thus, also these factors will not introduce a dramatic energy dependence. One may therefore conclude that the spectator formation and decay, as observed in the present work, persists up to the highest bombarding energies with virtually invariant features.
Model calculations
Model calculations were performed in order to identify possible reasons for the observed The fairly weak variation with the bombarding energy may seem somewhat surprising since the excitation of ∆ resonances has been suggested to be an efficient means of energy dissipation [57] [58] [59] . The rate of ∆ production grows rapidly with bombarding energy in the range 400 to 1000 MeV per nucleon, as evident from measured pion yields [60, 61] .
Consequently, the cross sections for the production of spectators with high excitation energy may be expected to increase as well. This is only partly confirmed by the calculations. If the code is modified, so as to suppress the production of ∆ resonances, the specific excitation energies as a function of the impact parameter are only slightly lower, even at the higher bombarding energies ( fig. 17 ). There, however, and, in particular for the lightest targets, the heating by ∆ excitation may be important on a quantitative level and may determine whether the maximum of fragment production can be observed in a given collision system (cf. previous section). We notice that, in contrast to E x /A versus b, the relation E x /A versus A 0 does not depend on whether ∆ production is included or suppressed in the The link between the first and the later reaction stages is a subject of high current activity (see, e.g., [5, 64, 65] ). This concerns the expansion and equilibration which are thought to have occurred prior to the fragment decay described by the statistical multifragmentation models. Intuitively, one may suspect that the random knockout of nucleons from and the injection of nucleons into the primary spectator produce a highly disordered system capable of rapidly evolving towards equilibrium. The origin of the Z bound univer-sality may thus be primarily seen in the stochastic nature of the initial cascade process.
Energy deposition
A quantitative knowledge of the energy transfer to the primary spectator is indispensable for any interpretation of the multi-fragment decay in terms of nuclear-matter properties. On the other hand, the transient nature of the excitation and decay processes makes it difficult to arrive at a consistent definition of the spectator system and its associated excitation energy. The present situation is summarized in fig. 20 [70] , of the intranuclear-cascade (this work) and the BUU calculations [3] , and of the analyses with the Copenhagen [6] and Berlin [7] statistical multifragmentation models, all for the reaction 197 Au on Cu at E/A = 600 MeV. When necessary, the impact parameter b was converted into Z bound by using the empirical relation obtained for the 197 Au on Cu reaction.
8 MeV per nucleon if the Copenhagen or Moscow models are used [5, 6, 10, 67] . With the Berlin version of the statistical multifragmentation model a saturation energy as low as 6 MeV per nucleon was obtained [7] . The systematic study of the complex correlation between the observables and the code input parameters has shown, however, that the deduced saturation energy depends sensitively on the measured mean fragment multiplicity [67] . The present data, exhibiting slightly higher mean multiplicities, therefore lead to excitation energies that may reach up to about 12 MeV per nucleon at small Z bound [68, 69] .
A method to determine the excitation energy from the experimental data alone, with-out relying on a reaction model, was first presented by Campi et al. [70] and applied to 
Conclusion
The systematic set of data, measured from 400 up to 1000 MeV per nucleon incident energy, reveals the universal nature of multi-fragment decays of excited spectator nuclei at relativistic energies. It suggests that the correlation of excitation energy and mass of the produced spectator systems and the statistical nature of their decay remain virtually unchanged over the studied range of bombarding energies. In reactions with the lighter targets, specific minimum values of the bombarding energy have to be exceeded in order to reach the maximum fragment multiplicities and to achieve a complete disassembly of the projectile spectator. The corresponding lower limits are about 400, 800, and 1000 MeV per nucleon for collisions of gold projectiles with aluminum, carbon, and beryllium targets, respectively.
The results of calculations with the intranuclear cascade and statistical multifragmentation models permit a qualitative understanding of the observed universality. The calculations as well as comparisons with emulsion data for collisions at higher incident energies suggest that the identified production and fragmentation of excited spectator nuclei may persist up to very high energies with virtually invariant properties and slowly changing cross sections. In the pure abrasion picture, this follows from the mutual connection between excitation energy and cross section via their geometric dependence on the impact parameter. The additional mechanism of spectator heating by scattered nucleons or produced particles is not expected to significantly modify this picture.
The observed decoupling from the entrance-channel dynamics strongly suggests that the multi-fragment decay of the spectator occurs after it has reached statistical equilibrium. The isotropy in the rest frame of the spectator and the Z dependence of the intrinsic fragment momenta indicate that this includes the kinetic degrees of freedom. Statistical interpretations were shown to be applicable, and the fragmentation seems to be mainly governed by the deposited excitation energy. The fragment multiplicities rise with excitation energy until a maximum is reached at about 8 to 10 MeV per nucleon, as experimentally determined for reactions with Au projectiles. For the more violent collisions in the regime of decreasing fragment multiplicities, the estimates of the energy deposited in the decaying spectator system disagree more widely, thus leaving room for a possibly important role of preequilibrium emission. This problem will need further attention if the study of equilibrium properties of nuclear matter is to be extended to these very high excitation energies.
